Using HLA-peptide tetrameric complexes, we isolated human T-cell lymphotrophic virus type 1 Tax peptidespecific CD8
Human T-cell lymphotropic virus type 1 (HTLV-1) (23, 26) infection is closely associated with a slowly progressive neurologic disease called HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP) (10, 21) . Only a minority of HTLV-1-infected individuals develop HAM/TSP, by mechanisms that are incompletely understood (14) . In HTLV-1-infected individuals carrying the HLA-A2 allele, the HLA-A2-restricted CD8
ϩ T-cell response is primarily directed to the Tax11-19 peptide (LLFGYPVYV) (22) . Since Tax11-19-specific CD8 ϩ T cells have the potential to produce proinflammatory cytokines (15) whereas possession of the HLA-A2 allele was associated with protection against HAM/TSP as well as a lower proviral load (13) , it remains unclear whether antigenspecific CD8 ϩ T cells contribute to the inflammatory and demyelinating processes of HAM/TSP or whether the dominant effect of such cells in vivo is protective against disease (13) .
The great diversity in the T-cell response results from the large number of different V, D, and J elements in the germ line and additional clone-specific diversity at the V-D and D-J junctions (␤-chain) or the V-J junction (␣-chain) (9) . It is well established that the amino acid sequence within the V␤ CDR3 region is critical for antigen recognition (3, 9) . However, these findings are based upon T-cell clones grown in vitro; thus, inadvertent in vitro selection could not be excluded. To overcome this problem, we have exploited tetrameric major histocompatibility complex (MHC)-peptide complexes (1, 20) along with magnetic cell sorting to purify HTLV-1 Tax11-19-specific T cells directly from HLA-A2-positive HTLV-1-infected individuals, in order to characterize immunodominant Tax11-19-specific CD8 ϩ T lymphocytes directly from HAM/TSP patients and asymptomatic carriers (AC) (12, 13) . Specific binding of the HLA-A2/Tax11-19 tetramer has been previously demonstrated; thus, there was no detectable staining of peripheral blood mononuclear cells (PBMC) from HLA-A2-positive or HLA-A2-negative healthy subjects or HLA-A2-negative HAM/TSP patients (12, 13) . We also confirmed that all of these HLA-A2/Tax11-19 tetramer-positive cells were CD8 ϩ positive (data not shown). Class I MHC tetramer-binding cells can show a range of functions, including cytotoxicity and cytokine production (20) . Furthermore, the CD8 ϩ Tcell response to a single peptide (Tax11-19) might not be representative of the host's T-cell response to the virus. However, the observation that the frequency of HLA-A2-Tax11-19 tetramer-positive CD8 ϩ T cells correlated negatively with the percentage of CD4 ϩ cells in infected individuals is consistent with the proposal that a significant proportion of these tetramer-binding CD8 ϩ cells are cytotoxic in vivo (12) .
Fresh PBMC from Afro-Caribbean United Kingdom residents (HAM1, HAM2, AC1, and AC2) were obtained by Histopaque-1077 (Sigma) density gradient centrifugation, washed twice in RPMI 1640 with 10% fetal calf serum and resuspended in phosphate-buffered saline with 10% fetal calf serum. Two Japanese PBMC samples (HAM3 and HAM4) were stored in liquid nitrogen until use. All subjects carried the HLA-A*0201 allele, defined by PCR as previously described (13) . Positive selection for CD8 ϩ T cells was done by incubating the PBMC with anti-CD8 MACS beads (Miltenyi Biotec Ltd., Bisley, Surrey, United Kingdom) for 15 min at 4°C. Tax11-19-specific cells were positively selected using antiphycoerythrin MACS beads (Miltenyi Biotec Ltd.) for 15 min at 4°C following phycoerythrin-conjugated HLA-A*0201/Tax11-19 tetramer staining for 25 min at 37°C. The purities of tetramerpositive cells and CD8 ϩ T cells were greater than 95 and 98%, respectively, by flow cytometric analysis (data not shown). First-strand cDNA was generated from 10 5 enriched CD8 The TCR gene usage of HLA-A2-Tax11-19 tetramer-positive T cells and CD8
ϩ T cells from all subjects is shown in Fig.  1 . The T-cell repertoire of HLA-A2-Tax11-19 tetramer-positive T cells is composed of a diverse set of T-cell receptors, in contrast to that of previously reported cultured Tax-specific cytotoxic T lymphocytes (CTLs) (7, 24) . The apparently lower diversity of V␤ usage in frozen and thawed samples from two patients (HAM3 and HAM4) may be due to the fact that mRNA recovery was not as efficient as that from fresh samples. As shown in Fig. 1 , in freshly isolated Tax11-19-specific cDNA, we detected 10 to 15 different TCR V␤ bands in each patient by using 26 V␤-specific primer pairs. In contrast to these results, previous workers reported that cultured and cloned antiTax CTLs expressed a very limited number of TCR V gene families (7, 24) . TCR diversity might be reduced by in vitro selection, for example, for rapidly growing T-cell clones or for clones that resist activation-induced cell death (19) . It is possible that certain TCR V␤ bands were amplified from contaminating non-Tax11-19-specific T cells. However, the unusually high frequency of oligoclonal proliferation (10 to 58%) (Table  1 ) and the selection of a single CDR3 length variant by the tetramer from a minority population in PBMC ( On the other hand, no restriction to certain V␤ gene segments has been described for TCR usage of cultured and cloned Tax peptide-specific CTLs (7, 24) . This diverse TCR V␤ repertoire might result either from HLA-peptide-driven clonal selection or from antigen-independent, TCR-independent HTLV-1 infection-induced expansion of T-cell clones without particular V␤ gene restriction. To rule out this possibility, we investigated the clonality and sequence diversity of each different TCR V␤ band derived from RT-PCR.
First, we carried out CDR3 size spectratyping of each TCR V␤ PCR product as described previously (11) . Two microliters of the final PCR mixture was electrophoresed through a 5% polyacrylamide sequencing gel, and the resulting bands were quantified by fluorescence detection on an automated sequencer (model 377A; PE Applied Biosystems) using Genescan software (PE Applied Biosystems). In CD8 ϩ T cells, each V␤ generally had five to seven length variants with one or two dense bands in the middle of the spectratype, consistent with a Gaussian distribution (Fig. 2a, left panel) . But in some HLA-A2-Tax11-19 tetramer-positive T cells and CD8 ϩ T cells, there were marked expansions of CDR3 segments of a certain length within the given V␤ (V␤1 and V␤2 spectratypes of HAM1). We defined such skewed spectratype bands as "oligoclonal" when a single peak contained Ͼ50% of the total area under the spectratype curve for that V␤ family (Fig. 2a, right panel) . Hatched bars shown in Fig. 1 indicate the TCR V␤ segments that were found to be oligoclonal, and Table 1 summarizes the number of oligoclonal CD8 ϩ T cells. Clonal expansion of CD8 ϩ T cells was frequent and widespread across V␤ families, in both asymptomatic carriers and patients with HAM/TSP, consistent with previous observations (5) . This suggests that these cells have recently encountered the viral antigen in vivo, in the course of chronic infection. The frequency of oligoclonal spectratypes was significantly higher in HAM/TSP patients than in asymptomatic carriers (P ϭ 0.0079, Student's t test). This may be due to the higher antigen load in HAM/TSP patients.
The length of the expanded CD8 ϩ V␤11 CDR3 in AC2 was exactly the same as the V␤11 single peak of Tax11-19-specific cells on the same gel. This was also observed in the V␤16 spectratype of HAM2 (Fig. 2b, upper panel) . On the other hand, in the V␤1 spectratype of HAM1 and the V␤20 spectratype of HAM2, a minor peak of CDR3 length in circulating CD8 ϩ T cells was expanded in Tax11-19-specific T cells (Fig.  2b, lower panel) . These findings indicate that the expanded Tax11-19-specific T cells account for a high proportion of certain V␤ families in the circulating CD8 ϩ T-cell repertoire. Next, to determine whether these clonally expanded CD8 ϩ T cells in mixed PBMC were identical with the HLA-A2-Tax11-19 tetramer-binding cells, we subcloned and sequenced both CD8-positive-and tetramer-positive-cell-derived RT-PCR products from two infected individuals (V␤11 of AC2 and V␤16 of HAM2) (Fig. 2b, upper panel) . As shown in Table 2 , the major clonotypes seen in the CD8 ϩ T cells were exactly the same as those seen in Tax11-19 tetramer-positive cells in both infected individuals. Moreover, the size of the dominant CDR3 in Table 2 corresponded to the length of the major spectratype peaks shown in Fig. 3b . These data indicate that some in vivo clonally expanded CD8 ϩ T cells in HTLV-1-infected individuals are indeed HTLV-1 Tax11-19 specific. We also sequenced the V␤ chain CDR3 regions (between V␤ and J␤) of the HLA-A2-Tax11-19-specific T cells which showed a discrete spectratype peak. Most samples that showed a single peak spectratype had identical sequence at the nucleotide level throughout its CDR3, reflecting clonal expansion (Table 3) .
We wished to test the hypothesis that chronic stimulation by the Tax antigen in vivo leads to the selection of specific sequences in the TCR V␤ chain. Previous evidence, from X-ray analysis (4, 8) and from site-directed mutagenesis (17) of TCR V␤ residues, showed that certain TCR V␤ residues make specific contact with side chains in the antigenic peptide. Indeed, although the V␤ rearrangements of the HLA-A2-Tax11-19-specific T cells varied between infected individuals, shared motifs consisting of four amino acids (P/G-L-A/R-G) were found within V␤13.1-D␤-J␤ junctional regions of HLA-A2-Tax11-19-specific T cells (Table 3) . The P/G-L-A/R-G motif a CD8 ϩ samples that showed marked expansions of CDR3 segments of a certain length within the given V␤ were defined as oligoclonal by spectratyping analysis when a single peak contained Ͼ50% of the total area under the spectratype curve for that V␤ family.
was present in the V␤13.1-D␤-J␤ junctional region of 34 out of 38 transcripts from V␤13.1 PCR products of HLA-A2-Tax11-19-specific CD8 ϩ T cells with oligoclonal spectratypes (Table  3 ). This motif is also present in the Tax11-19-specific CTL clone A6, which was generated from a patient with HAM/TSP (24) . To clarify the significance of individual amino acid residues in the P/G-L-A/R-G motif, we used the known X-ray crystallographic structure of the A6 TCR complex (8) . The
FIG. 2. CDR3 length profiles for TCR transcripts in Tax11-19 tetramer-positive cells and CD8
ϩ T cells from HTLV-1-infected individuals. TCR V␤ transcripts were reverse transcribed and amplified using V␤-and C␤-specific primers. A 6-FAM dye-labeled C␤-specific primer was used to visualize the amplified products. CDR3 length is in base pairs of V␤-C␤ elongation reaction products. (a) (Left) Typical spectratype profile of Gaussian distribution found in CD8 ϩ T cells. Each V␤ generally had five to seven peaks with one or two dense bands in the middle portion. (Center and right) Monoclonal and oligoclonal spectratypes observed in CD8 ϩ T cells. There are marked expansions of CDR3 segments of a certain length within the given V␤. We defined such skewed spectratype bands as oligoclonal when Ͼ50% of the area within a V segment or family was calculated for the highest peak band. (b) Profiles of the V␤11 spectratypes of AC2, V␤16 of HAM2, V␤1 of HAM1, and V␤20 of HAM2. Fluorescence intensities were calculated with Genescan software (reflecting the number of clones with a particular CDR3 length).
interactions between the V␤ CDR3 GLAG motif and the MHC peptide complex are shown in Fig. 3 .
As shown in Fig. 3 , one corner of the apex of the V␤ CDR3 loop (GLAG) inserts into a hydrophobic pocket formed by the alpha-1 helix of HLA-A2 and the side chain of the Tyr residue at position 8 in the Tax11-19 peptide. In this CDR3 loop, the Leu residue at position 98 is distinguished by the extent of its interactions with the Tax peptide, i.e., hydrophobic interactions with Pro 6 and Tyr 8 as well as with Gln 72 of the alpha-1 helix of HLA-A2. Thus, the leucine residue in the conserved CDR3 motif is very likely to have particular importance for the interaction between the HLA-A2-Tax11-19 peptide complex and TCR. Since Leu and Gly residues are strongly favored (34 of 38 clones) at this position in the V␤13.1-containing clonally expanded HLA-A2-Tax11-19 tetramer-positive cells, it seems likely that these CDR3 residues play a critical role in recognition of the HLA-A2-Tax11-19 complex in vivo. On the other hand, the side chain of the Arg at position 99, instead of Ala in the structure, could be readily accommodated without any disruption to interactions in the TCR HLA-A2-Tax11-19 peptide complex. We therefore suggest that the neighboring residues in the motif, particularly those at positions 97 and 99, which do not themselves make major interactions with HLA-A2 or the peptide, may simply allow the hydrophobic residue at position 98 to make optimal interactions with the complex. The V␤1-D␤-J␤ junctional sequence derived from two unrelated HAM/TSP patients (HAM1, from Japan, and HAM3, of Afro-Caribbean origin) shared an identical motif (VSDTT) ( Table 3) . Finally, a third motif consisting of a Q residue followed by an acidic residue (D or E) was identified in the V␤16-D␤-J␤ junctional regions of oligoclonally proliferating tetramer-binding cells in three subjects (Table 3) . These results suggest that the observed amino acid motifs are the result of in vivo selection by the combination of particular MHC and peptide complexes rather than the result of proliferation of randomly infected and activated T cells in vivo.
The observation that HLA-A*02 alleles are associated with a reduced proviral load and protection against HAM/TSP suggests that HLA-A*02-restricted anti-Tax CTLs are protective in southern Japan (13) . However, recently reported findings show that anti-HTLV CTLs also have the potential to produce proinflammatory cytokines (15) and that anti-HTLV CTLs are found in cerebrospinal fluid at a higher frequency than in peripheral blood in some HAM/TSP patients. Since our present data have shown that the same junctional sequence motifs were present in both HAM/TSP patients and asymptomatic carriers, there is no simple correlation between fine TCR specificity and disease manifestation in HTLV-1 infection. Recently it has been reported that the concentration of antigen required to elicit gamma interferon secretion by CD8 ϩ T cells is greater than that required for target cell lysis (25) . On the other hand, the frequency of gamma interferon-positive cells is positively correlated with the proviral load in HAM/ TSP patients but not in asymptomatic carriers (16) . These findings suggest that the anti-HTLV-1 CTLs are protective in a subject with a strong CTL response to Tax (an asymptomatic carrier), whereas the anti-HTLV-1 CTLs in a patient with a weak response to Tax (HAM/TSP patient) contribute to inflammation, because individuals with strong CTL responses to Tax maintain a low equilibrium concentration of the Tax protein, whereas in those with weak CTL responses the equilibrium concentration of Tax exceeds the threshold needed to elicit proinflammatory cytokines (1a) .
Nucleotide sequence accession numbers. All TCR sequence data have been deposited in EMBL-GenBank-DDBJ under accession numbers AB044099 to AB044135. 
